Abstract Congenital ataxia with cerebellar hypoplasia is a heterogeneous group of disorders that presents with motor disability, hypotonia, incoordination, and impaired motor development. Among these, disequilibrium syndrome describes a constellation of findings including nonprogressive cerebellar ataxia, mental retardation, and cerebellar hypoplasia following an autosomal recessive pattern of inheritance and can be caused by mutations in the Very Low Density Lipoprotein Receptor (VLDLR). Interestingly, while the majority of patients with VLDLassociated cerebellar hypoplasia in the literature use bipedal gait, the previously reported patients of Turkish decent have demonstrated similar neurological sequelae, but rely on quadrupedal gait. We present a consanguinous Turkish family with two siblings with cerebellar atrophy, predominantly frontal pachygyria and ataxic bipedal gait, who were found to have a novel homozygous deletion in the VLDLR gene identified by using high-density single nucleotide polymorphism microarrays for homozygosity mapping and identification of CNVs within these regions. Discovery of disease causing homozygous deletions in the present Turkish family capable of maintaining bipedal movement exemplifies the phenotypic heterogeneity of VLDLRassociated cerebellar hypoplasia and ataxia.
Introduction
Non-progressive human congenital ataxias are a rare, heterogeneous group of disorders characterized by motor disability, muscular hypotonia, incoordination, and impaired motor development [1] [2] [3] . Patients with these disorders initially present with generalized symptoms, such as the delayed achievement of motor milestones and hypotonia during the early postnatal period, followed by the gradual onset of ataxic gait during the first few years of life. This heterogeneous group of disorders is also associated with other pathologic findings, including brain malformations, genetic syndromes, and congenital infections. Of the associated brain malformations, cerebellar hypoplasia is the most common, occurring in approximately 50% of cases [3] . In the most severe cases, patients can have marked hypoplasia of the vermis with mild to moderate involvement of the neocerebellum [3] . While some patients improve as motor functions develop, others significantly worsen early during infancy as motor demands increase on coordination [3] .
Evaluation of inherited congenital ataxia syndromes with cerebellar hypoplasia has led to the identification of novel genes involved in the embryonic development of the cerebellum. Mutations in the Reelin gene have been found to cause autosomal recessive lissencephaly with cerebellar hypoplasia [4] , while PTF1a mutations have been linked to cerebellar agenesis and neonatal diabetes [5] . Studies on Joubert Syndrome, a group of recessively inherited conditions characterized by congenital ataxia, hypotonia, episodic breathing, mental retardation, and specific malformations of the brainstem, cerebellum, and peduncles, have led to the discovery of several mutations. The involved genes, including AHI1, NPHP1, CEP290, MKS3, and RPGR1L, are responsible for encoding cilia-like functioning and modular scaffolding proteins [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] .
More recently, mutations in the Very Low Density Lipoprotein Receptor (VLDLR) have been identified in patients of Turkish [18, 19] , Iranian [20] , and Hutterite [21] descent with non-progressive cerebellar ataxia, mental retardation, and cerebellar hypoplasia following an autosomal recessive pattern of inheritance [22, 23] . Such neurological sequelae can be explained by the intricate role of the VLDLR protein in the Reelin signaling pathway, which is important in cerebellogenesis [21] . The term "disequilibrium syndrome" (DES), originally coined by Hagberg in association with cerebral palsy, was later used to describe a similar constellation of findings associated with the deletion of the VLDLR gene and the adjacent noncoding sequence in the Hutterite population (referred to as DES-H for Hutterite population) [23, 24] . Patients with DES have also been found to suffer from delayed ambulation, strabismus, and short stature (15%) and have mild cortical simplification on magnetic resonance imaging (MRI). Since then, others have proposed referring to this syndrome as "VLDLR-associated cerebellar hypoplasia" in an effort to emphasize the molecular pathogenesis [21] . Irrespective of semantics, these observations, coupled with advances in understanding the roles of these genes in mouse models, have further enhanced our knowledge of the Reelin-VLDLR pathway and its role in the developing cerebellum.
Copy number variation (CNV) analysis in conjunction with traditional mutation discovery methods such as homozygosity mapping and linkage analysis has emerged as a powerful new tool for the identification of novel disease causing mutations [25] . We present two siblings, born in a consanguineous marriage, both of whom have cerebellar atrophy and diffuse pachygyria, as well as mental retardation and markedly ataxic bipedal gait. By using high-density single nucleotide polymorphism (SNP) gene chips to identify CNVs within areas of homozygosity, these siblings were found to have a novel homozygous deletion in the VLDLR gene.
Materials/methods
Study subjects/whole genome genotyping After obtaining written consent at Cerrahpasa Faculty of Medicine, Istanbul, Turkey, blood samples were collected from all available family members, and DNA samples were isolated using standard protocols. Genotyping was performed using the Human610-Quad Beadchip (containing 620,089 SNPs; Illumina, San Diego, CA, USA) at Yale. All procedures were performed according to the manufacturer's protocol. Briefly, 200 ng of genomic DNA was amplified, fragmented, and hybridized to the array, and products were fluorescently labeled and scanned with Illumina Beadstation scanner. Raw data was then uploaded to Beadstudio v3.3 genotyping software (Illumina, San Diego, CA, USA) for further analysis. Homozygosity mapping was performed with this software and subsequently further evaluated by visual inspection. Copy number analysis was done using PennCNV [26] , a CNV detection program based on a Hidden Markov model. Identified CNVs were confirmed by visual inspection of plotted intensity data on the Beadstudio v3.3 program. The overlap between areas of homozygosity with the identified CNVs was confirmed visually.
PCR/quantitative PCR Primers for each VLDLR exon were designed using Primer3 [27] . BLAST analysis [28] showed the sequences to be specific for the region of interest. Quantitative PCR (qPCR) reactions were carried out in standard fashion. Briefly, each reaction included the optimal primer concentration, 10 ng DNA, 7.5 μl of 2XSYBR Green master mix (Applied Biosystems, Foster City, CA, USA) in a volume of 15 μl. Cycling conditions began with 5 min at 50°C followed by 10 min at 95°C. This was followed by 40 cycles of: 15 s at 95°C, 1 min at 60°C. qPCR was carried out on an ABI Prism 7900HT instrument with a 384-well block (Applied Biosystems, Foster City, CA, USA). All reactions were performed in triplicate. A sample was considered to have a failed reaction and needed repeating in the event that more than one of the triplicates failed.
Results

Phenotypic information
The affected siblings are a product of a self-reported consanguineous first cousin marriage, ages 11 (NG 374-1) and 8 (NG 374-2) at the time of presentation (Fig. 1a) . They are the only children of the family and were born, via uneventful cesarean sections with normal weights and heights at birth. They were raised in an urban setting. Their motor development was markedly delayed with head holding beginning at 40 days, and sitting without support at age one. Intensive physical therapy was initiated at this time. By 18 months, they were walking with minimal support from their hands.
On neurological examination, the patients display severely ataxic bipedal gait. They do not exhibit tremor, but do have significant dysarthria, dysmetria, and dysdiadochokinesis, as well as diffusely hyperactive deep tendon reflexes. The children are unable to construct full sentences. The older patient exhibits selective mutism, constructing partial sentences only when he is talking to himself.
Magnetic resonance imaging scans of the brains of the children are markedly similar to each other, demonstrating predominantly frontal pachygyria and cerebellar atrophy (Fig. 1b) .
Genotype analysis
Homozygosity mapping of the affected siblings on Beadstudio v3.3 identified a 10 Mb homozygous block shared by both patients on chromosome 9 starting at 102,542 bps and ending at 10,533,899 bps. Within this homozygous interval, copy number variation analysis of both siblings on Human610-Quad beadchips using the PennCNV algorithm showed a shared homozygous deletion on chromosome 9 with the first and last deleted SNP markers being rs2375994 (position, 2,621,092 bp) and rs10967306 (position, 2,630,805 bp; Fig. 2a ). This finding was confirmed by visual inspection of the plotted intensities on Beadstudio v3.3. Compared with previously published reports of genomic variation in the Database of Human Variation (http://projects.tcag.ca/variation/), this area does not appear to be an area of common variability. In addition, homozygous deletions in the VLDLR gene were absent in 300 other Turkish patients with malformations of cortical development who were genotyped as controls.
PCR analysis of the patients confirmed a homozygous deletion in the VLDLR gene encompassing exons 2, 3, and 4 and no comparable homozygous deletion in the parents. Mapping and crossing of the breakpoint was performed to the base pair level. Using PCR primers flanking the breakpoint, the region was amplified in both patients. Sequence analysis of PCR product of this experiment revealed a 21,190 bp deletion beginning in the 5′ untranslated region of the transcript and extending through exons 2, 3, 4, and parts of exons 1 and 5. The deletion corresponds to bps 2,612,148-2,633,338 on chromosome 9 (Fig. 2b) . qPCR analysis of the region confirmed the homozygous deletion in both siblings and also revealed heterozygous deletions in both parents when compared to controls (Fig. 2c) .
Discussion
The VLDLR gene is composed of 19 exons, spans a 32 kb genomic interval, and encodes a protein that belongs to the low-density lipoprotein (LDL) gene family. Two isoforms of the receptor have been identified in humans: type I is a complete version expressed in the heart and skeletal muscles and Type II, which lacks an O-linked sugar domain and can be found in various non-muscular tissues, including the kidney, spleen, and brain [29] . Though the importance of the VLDLR protein may be most commonly known for its role in fatty acid metabolism, it also serves as an integral part of the Reelin Signaling pathway. Specifically, within the developing cerebellum, granule cells secrete the glycoprotein reelin, which subsequently binds to VLDLR, triggering an intracellular signaling cascade that allows neuroblasts to complete migration [30, 31] . Through this interaction, reelin regulates the alignment of Purkinje cells, which ultimately guides the formation of the internal granular cell layer in the cerebellum [32] .
Mutations in the VLDRL gene have been well described in both animal models and in humans and underscore its importance in cerebellogenesis. While mutations in Reln in the mouse result in ataxic gait and trembling [21, 33] , Vldlr −/− mice appear to be grossly and neurologically normal. Upon further evaluation, these animals have hypoplastic cerebella with reduced foliation, heterotopic Purkinje cells and radially aligned cortical neurons that have failed to properly disperse [21, 34, 35] . In humans, VLDLR mutations have been found to cause the DES phenotype. The first VLDLR mutation was observed in the Hutterite population [21] whereby patients exhibited nonprogressive cerebellar ataxia, mental retardation, and cerebellar hypoplasia following an autosomal recessive pattern of inheritance [22, 23] . These patients were found to have a 199-kb homozygous deletion encompassing the complete VLDLR as well as adjacent extragenic, and potentially regulatory, regions and possibly a second gene. Thus, it was unclear whether an isolated mutation in VLDRL could explain the syndrome in its entirety. Follow-up studies in an Iranian family with DES subsequently revealed a homozygous nucleotide substitution in exon 10 resulting in a premature stop codon in the VLDLR gene [20] . Since then, additional mutations have been found, including the first case of a compound heterozygous mutation described in a 26-month-old non-consanguineous patient born to Irish-German and Scottish-German parents [36] . This child suffered from hypotonia and motor delay that led to the identification of characteristic MRI findings of hypoplasia of the inferior portion of the vermis and cerebellar hemispheres, along with simplified sulcal pattern. The compound heterozygous mutation, composed of a missense mutation in exon 11 and a frameshift mutation in exon 12. Thus, it has been concluded that a truncated VLDRL protein can serve as the sole genetic predecessor in DES [20, 21, 34] , with our findings providing additional support.
Although patients with VLDLR-associated cerebellar hypoplasia may suffer from the delayed onset of severely ataxic ambulation, the majority of the literature reports patients who are able to use bipedal gait [18, 19, 21, 36] . Four Turkish kindreds, however, have been described with a remarkably similar rare autosomal recessive neurodevelopmental condition characterized by cerebellar and cortical hypoplasia accompanied by mental retardation and primitive and dysarthric speech. Interestingly, members of these families most notably exhibit quadrupedal locomotion and it was therefore postulated that such a difference in gait might render this syndrome genetically distinct also referred to as Uner Tan syndrome [37] ). One non-sense and one frameshift mutation (in two separate families) resulting in premature stop codons in exons 5 and 17 of VLDLR, presumably causing the VLDLR protein to lack transmembrane and signaling domains, were identified in these Turkish families with features similar to DES, but with quadrupedal gait.
In addition to the VLDLR locus on chromosome 9, genetic heterogeneity of quadrupedal gait has been shown [18] . One Turkish family maps to chromosome 17 [38] and an Iraqi family links to chromosome 8 with a recent study identifying CA8 as the causative gene [39] . Finally, other families exclude linkage to any of these three loci ( [18] and personal communication with Dr. Tayfun Ozcelik).
It has remained controversial as to why certain patients with congenital ataxia and cerebellar hypoplasia display quadrupedal locomotion, while others are able to achieve and maintain bipedal gait. While some have raised the possibility that the type of locomotion (i.e., bipedal versus quadrupedal) may simply be different symptoms of the same disease, others postulate that quadrupedal locomotion is not a manifestation of the genetic disease, but rather an adaptation to the environment, such that patients with VLDLR deletions use their hands when ambulating as a means to compensate for their severe truncal ataxia [41, 42] . Rural topography, imitation of the behavior demonstrated by other affected siblings, lack of medical attention, and social acceptance of quadrupedal gait may foster its development in certain patients.
Including the present report and the original description in the Hutterites, seven different mutations in ten families have been described in the VLDLR gene to date. Structural examination of the gene and the defective protein has not revealed any identifiable portion that appears to be responsible for quadrupedal gait [21, 40] . A stop codon in exon 5 and a frameshift mutation in exon 17 both lead to quadrupedal gait in Turkish families with congenital ataxia and cerebellar hypoplasia [37] , whereas a stop codon in exon 10 [20] , the recent compound heterozygous mutation affecting exons 11 and 12 [36] , and our report of a deletion affecting exons 1-5 resulted in patients with similar neurological findings and bipedal, ataxic gait. Based on these findings, we posit quadrupedal and bipedal gait are different manifestations of the same genetic syndrome and represent a spectrum of symptomatic disease resulting from various VLDLR mutations. The clinical manifestations of VLDLR mutation, specifically with regards to ambulation, are likely the product of a complex interaction between genetic makeup and the environment, and cannot be predicted based on mutation alone.
Conclusion
Mutations in the VLDLR gene cause an autosomal recessive inherited syndrome characterized by cerebellar hypoplasia, ataxia, and mental retardation. The type of mutation does not appear to predict the clinical manifestation of the disease, specifically with regards to gait.
